Abstract-We investigate switching characteristics of the nonlinear birefringent loop mirror which consists of a symmetric directional coupler, a birefringent fiber, and a symmetry-breaking element that converts linearly polarized light to circularly polarized light, and vice versa. The condition for total reflection in the linear regime is obtained using the Jones matrix formalism. The switching curves have been obtained through numerical computations both in the nondispersive pulse regime and in the soliton-like pulse regime. Parameter values suitable for practical applications of our device as an intensity filter are obtained.
I. INTRODUCTION
A MONG nonlinear-fiber-based devices, the nonlinear optical loop mirror (NOLM) [1] has proven to be most promising as a fast optical switch in all-optical communication systems [2] - [4] . Self-switching with the NOLM is achieved by placing a symmetry-breaking element in the loop and thereby causing counterpropagating pulses to acquire different amounts of nonlinear phase. To break the symmetry, the standard NOLM [1] uses a coupler having unequal coupling ratios. It, however, has a disadvantage of low switching contrast, because it cannot completely block low-power input lightwaves. Various alternative schemes that can achieve symmetry breaking without resorting to an asymmetric coupler have been proposed and demonstrated to work. Examples include a scheme that employs an asymmetrically located optical amplifier [5] , [6] , one that employs dispersion-imbalanced fibers, [7] - [9] , and one that takes advantage of asymmetrically induced nonlinear birefringence effects [10] , [11] . The method using an asymmetrically located amplifier has the lowest threshold switching power, but has a problem associated with the pulse-by-pulse amplitude variation due to the gain saturation effect if narrowly spaced pulses are input [5] . The method using dispersion-imbalanced fibers has a shortcoming of low transmission at the maximum. 1 The method that relies on nonlinear birefringence effects has been calculated to show the best switching contrast yet. Publisher Item Identifier S 0018-9197(00)00317-1.
In this paper, we present a detailed analysis of the scheme we proposed earlier that exploits asymmetrically acquired nonlinear phase accumulations as counterpropagating pulses propagate through the loop [11] . In our original proposal, we restricted our consideration to the case of the loop consisting of a nearly isotropic fiber in order to consider the simple case when the polarization of the pulses during propagation in the loop remains unchanged. In this paper, we perform our calculation for the general case of an arbitrary amount of loop birefringence and show that our scheme can also work if the birefringence is sufficiently large that the bifurcation region is avoided and yet is sufficiently small that polarization-mode dispersion is neglected. We should note that another interesting scheme that exploits nonlinear birefringence effects has been proposed by Kuzin et al. [10] . While the method of Kuzin et al. uses the nonlinear polarization rotation effect in a weak birefringent fiber, our method utilizes differently accumulated nonlinear phases acquired by counterpropagating soliton pulses of linear and circular polarization states, respectively.
In Section II, we describe our system configuration and derive the condition for total reflection in the linear regime, which is essential for the system to possess high switching contrast. In Section III, the switching characteristics of our system are described in the nondispersive pulse regime and in the soliton-like pulse regime. Finally, in Section IV, we determine parameter values suitable for practical applications of our device.
II. ANALYSIS IN THE LINEAR REGIME
The nonlinear birefringent loop mirror (NBLM) configuration we consider in this work is shown in Fig. 1 . It consists of a symmetric (50 : 50) directional coupler which is assumed to be polarization-independent, a birefringent fiber ( ), and a symmetry-breaking element ( ), which can be expressed in the Jones matrix notation as . is the product of a matrix representing a 45 tilted quarter-wave plate which converts linear polarization to circular polarization (and vice versa) and a 90 rotation matrix which can be realized by a combination of two half-wave plates with eigenaxes inclined at an angle of 45 with respect to each other. One of the counterpropagating lightwaves incident on the loop from the coupler is linearly polarized along the slow axis of the fiber and the other is circularly polarized by . The switching characteristics of this system with a nearly isotropic fiber have been discussed in our earlier work [11] .
If the system of is, thus, required to totally reflect the input lightwave when the input power is low. Let the birefringent fiber in the loop be represented, in the linear regime, by the Jones matrix (1) where , is the difference between refractive indices of the slow and fast axis, is the wavelength in vacuum, and is the loop length. Then the transmitted and reflected lightwaves are given, respectively, by
where , , and amplitudes of the transmitted, reflected, and input lightwaves, respectively, and is the coordinate inversion matrix. Straightforward algebra yields for the transmittance of the NBLM (4) The total reflection condition in the linear regime is thus given by (5) where is an arbitrary integer. It should be noted that the transmittance of our device in the linear regime is independent of the polarization state of the incident lightwave. Thus, background lightwaves of arbitrary polarization can also be blocked by our NBLM device if (5) is met.
III. SWITCHING CHARACTERISTICS
With a weak input lightwave and background lightwaves to be totally reflected when (5) is met, we now compute the transmission characteristics of our NBLM device in the nonlinear regime. It is expected that the switching devices using the NOLM find their applications mainly in the soliton-like pulse regime. We, however, analyze the transmission characteristics in the nondispersive pulse regime first, because it is easier to compute and it shares certain common features with the transmission characteristics in the soliton-like pulse regime.
A. Nondispersive Pulse Regime
The nondispersive pulse regime where dispersion and crossphase modulation between the counterpropagating pulses can be ignored covers the pulsewidth interval from approximately 10 ps to 1 ns. Nonlinear pulse propagation in this regime can be simulated by the coupled nonlinear wave equations [12] that describe CW propagation (6) (7) where and are the envelope functions of the lightwave along the two orthogonal polarization eigenaxes of the fiber, , is the nonlinear refractive index of the fiber, is the effective area of the transverse mode of the fiber, and denotes a constant which is determined by the ellipticity of the eigenpolarization of the fiber and the nature of the origin of the Kerr effect [13] . For a pure electronic contribution and a linearly birefringent fiber, the constant is 2/3 [14] , which will be assumed hereafter in this paper.
In Fig. 2 , we show transmission curves of our NBLM device computed using (6) and (7). Shown in Fig. 2(a) is a perspective view plot of the transmittance as a function of the normalized power ( ) and the normalized length . Fig. 2(b) plots the transmittance as a function of for a fixed value of and for three different values of = 0, 1, and 5 , all of which satisfy the condition for the total reflection as given by (5) . The possibility of efficient optical switching is indicated by Fig. 2(b) because the transmittance changes from zero to one as the input power is increased from zero to an appropriate value. We note, however, that the transmittance exhibits an unusually rapid variation when the linear beat length is approximately equal to four times the nonlinear beat length . This is due to the bifurcation effect which complicates the polarization trajectory of the circularly polarized input lightwave [15] . For a stable switching operation, it is thus desirable to avoid the bifurcation region.
As discussed in our previous paper, the physical principle behind our switching scheme is that linearly and circularly polarized incident lightwaves experience different amounts of nonlinear phase accumulation as they propagate through an optical fiber. For the case of an isotropic fiber ( ), a linearly polarized lightwave experiences 3/2 times more nonlinear phase accumulation than a circularly polarized lightwave. There is no such simple relation for the case of a birefringent fiber. Our calculation indicates, however, that, if the birefringence is large enough to avoid the bifurcation effect, a linearly polarized incident lightwave experiences approximately 6/5 times more nonlinear phase accumulation than a circularly polarized incident lightwave, and optical switching can be achieved.
In Fig. 3 , we show the switching power of our NBLM device as a function of the loop length ( ) and birefringence (κ). Also shown for comparison is the switching power of the device proposed by Kuzin et al. Our device generally has a lower switching power than that of Kuzin et al.In particular, we see from Fig. 3(b) that the switching power of our device is roughly independent of birefringence. In order to see more closely the birefringence dependence of the switchingpower of our device, we showin Fig. 4 a grayscale picture of the transmittance (black = 0, white = 1) as a function of γ and birefringence κ for the case =π . There is a sudden change in the switching characteristics across the line, indicated by the arrow , along which . In the region above this line,theswitchingpowerisroughlyindependentofbirefringence, as indicated by the arrow .
B. Soliton-Like Pulse Regime
For analysis of the soliton-like pulse regime which covers the pulsewidth below 10 ps, one needs to solve numerically the coupled nonlinear Schrödinger equations. For our simulations, we used the equations in [16] , in which the propagation constant difference2βandinversegroupvelocitydifference2δbetweenthe eigen-polarization modes in normalized quantities are given by where velocity of light in vacuum; pulsewidth (FWHM); group velocity dispersion. Fig. 5 shows the transmittance curve of our NBLM device computed numerically using the coupled nonlinear Schrödinger equations for the case of an isotropic fiber (β=0) of the loop length given by =3.6ξ , where ξ is the soliton period. In this case of an isotropic fiber, a relatively simple analysis is possible with the soliton phase model [11] , [17] . The transmittance curve calculated using the soliton phase model is also shown in Fig. 5 . The transmittance curves for low-birefringence (β=0.1) and high-birefringence (β=10) fibers computed numerically are shown in Fig. 6(a) and (b) , respectively, where the group delay is ignored (δ=0) and the loop length is taken as =20ξ for Fig. 6 (a) and =10ξ for Fig. 6(b) . The curves resemble those in the nondispersive pulse regime. One notes, however, that the transmission maxima and minima at high energies in the soliton-like pulse regime do not reach unity and zero, respectively. This is due primarily to higher order soliton effects. Higher order solitons have substructures in them and thus do not have an equal pulse along the pulse profile. Therefore, they are not totally transmitted even at maxima when they meet to interfere at the coupler.
IV. SOME PRACTICAL CONSIDERATIONS
The two-port self-switching device such as ours discussed in this work can be used as a passive mode locker [18] and a nonlinear intensity filter [9] , [20] . We now discuss the feasibility of our NBLM device as an intensity filter. In order to obtain a stable performance from the device, it is necessary to avoid the bifurcation region. This means that the nonlinear beat length should be sufficiently larger or smaller than the linear beat length or, equivalently, the parameter β should be smaller than ∼0.1 or larger than ∼0.4 in the soliton-like pulse regime. There is also an upper bound on birefringence since a large birefringence induces pulse break-up due to the group delay effect. Thus, the group delay parameter δ should be sufficiently small. The conditions for our device to have high switching contrast can thus be summarized as or and (10) (a) (b) Fig. 6 . Transmittance of our device with a birefringent fiber as a function of incident pulse energy in the soliton regime with the same normalization as in The parameters β and δ defined in (8) and (9) depend on dispersion, pulsewidth, and birefringence. Calculated values of β and δ for a standard single-mode fiber ( ps/km/nm) operating at a wavelength of 1.55 µm are shown in Table I , for two typical values of pulsewidth, 1 ps (or soliton period m) and 0.1 ps (or soliton period m), and for three different values of birefringence, for a typical low-birefringence fiber, for a low-birefringence maintaining fiber exploiting bending induced birefringence, and for a typical polarization maintaining fiber. It is seen that (10) can be satisfied for a 0.1-ps pulse if (more precisely, if or if ) and for a 1-ps pulse if (more precisely, if ). Another important factor that needs to be considered for practical applications is stability against environmental perturbations. As a specific example, we calculate the temperature-dependent phase bias given by (11) where is the amount of temperature perturbation and measures the temperature variation of birefringence ( for a typical fiber [22] ). The phase bias per temperature φ/ we calculated is included in Table I , where the length of the loop is assumed to be the optimum length usually given by ∼4ξ , i.e., =100 m for a 1-ps pulse and =1 m for a 0.1-ps pulse. For a pulse with and , respectively, the required temperature stability is K and K. Thus, the temperature stability of our device in this case is good. On the other hand, for a 1-ps pulse with , K is required. For better temperature stability in this case, one can choose a fiber which has high nonlinearity, e.g., a chalcogenide glass fiber [23] . The length of the fiber can then be taken to be short and φ can be kept small.
In conclusion, we have analyzed the switching characteristics of the NBLM device, which exploits different nonlinear phase accumulations experienced by linearly and circularly polarized incident lightwaves. The device totally reflects a weak input lightwave and background lightwaves and transmits almost totally an input lightwave of an appropriate intensity in the nonlinear regime. The device can employ a birefringent fiber as well as a nearly isotropic fiber. The switching curves have been obtained as a function of the input power, and the switching power has been calculated as a function of birefringence of the loop and the loop length. The parameter range suitable for a stable operation of the device as an intensity filter has been determined in terms of the pulsewidth, birefringence, group delay, and the temperature fluctuation.
